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It was recently reported that a continuous electric current is a powerful control parameter to
trigger changes in the electronic structure and metal–insulator transitions (MITs) in Ca2RuO4.
However, the spatial evolution of the MIT and the implications of the unavoidable Joule heating
have not been clarified yet, often hindered by the difficulty to asses the local sample temperature.
In this work, we perform infrared thermal imaging on single-crystal Ca2RuO4 while controlling the
MIT by electric current. The change in emissivity at the phase transition allows us to monitor the
gradual formation and expansion of metallic phase upon increasing current. Our local temperature
measurements indicate that, within our experimental resolution, the MIT always occurs at the same
local transition temperatures, irrespectively if driven by temperature or by current. Our results
highlight the importance of local heating, phase coexistence, and microscale inhomogeneity when
studying strongly correlated materials under the flow of electric current.
I. INTRODUCTION
In the field of quantum materials, extensive research
interest has been recently focusing on strongly correlated
systems, where unique changes of physical properties can
be induced by external stimuli [1, 2]. A paradigmatic
example is the layered perovskite Ca2RuO4, a material
having a Mott insulating ground state with antiferro-
magnetic ordering [3–5]. In this material, exotic phases
presenting orbital ordering and unconventional magnetic
modes have been reported [6, 7]. Metallic states with
paramagnetic, ferromagnetic, or superconducting charac-
ter have been triggered by a series of control parameters,
such as chemical composition [8, 9], pressure [10–12], or
strain [13–16].
More recently, it has been reported that a continuous
electric current induces structural and electronic changes
in Ca2RuO4 [17, 18]. Several subsequent works reported
the emergence of novel phases in these non-equilibrium
steady states induced by current [19–22]. An interest-
ing development is the possibility of using a continuous
current to trigger the material metal–insulator transition
(MIT) [17], which naturally occurs at about 360 K in
bulk single crystals [5]. In this framework, coexistence
of metallic and insulating regions stabilised by current
have been reported by Zhang et al., with a phase front
characterised by nanoscale stripes of alternating phases
[23].
However, the considerable amount of power supplied
by a flowing current requires one to carefully take into
account the unavoidable Joule heating, which makes it of-
ten difficult to measure the actual sample temperature.
Recent reports by Fu¨rsich et al. indicate that heating
by direct current can lead to a large temperature rise in
Ca2RuO4, strongly depending on the cooling technique
∗ mattoni@scphys.kyoto-u.ac.jp
[24]. Moreover, Joule heating can cause less trivial effects
in measurements. For example, current-induced diamag-
netism reported by our group [25–28], was then revealed
to be caused by localised heating of the sample holder
[29]. Also, there are cases in which the occurrence of
MITs in other materials has been linked to local heat-
ing effects [30–33]. Due to these considerations, a local
temperature probe allowing direct imaging of Ca2RuO4
is strongly desirable to uncover current-induced changes
in the MIT.
Here, we study the current-driven MIT in Ca2RuO4 by
means of infrared (IR) thermal imaging. Our technique
allows us to produce spatial maps of the local sample tem-
perature, as well as to image the coexistence of metallic
and insulating regions by making use of their different re-
flectivity. We uncover that the metallic phase forms and
extends as a function of continuous electrical current, and
that a sample area becomes metallic or insulating when-
ever its local temperature crosses the characteristic MIT
temperatures. Thus, within our experimental resolution,
the value of these transition temperatures remains un-
changed by the flowing current. Our imaging also al-
lows us to reveal the formation of macroscopic cracks
and defects during repeated cycles of current-driven MIT,
which we find to strongly affect the MIT spatial evolu-
tion. These findings uncover the important role of local
sample temperature in triggering phase transitions, in
particular under the presence of direct current.
II. RESULTS AND DISCUSSION
A. Thermal imaging setup
For the experiment, we used the thermal imaging setup
in Fig. 1a. An IR camera (Avio, InfRec R500, spatial res-
olution 21µm, spectral range 8–14 µm) allows to acquires
optical maps of the raw IR reading Traw that can be con-
verted to the sample IR temperature TIR upon calibra-
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2tion. A Peltier stage (Ampre, UT4070 with UTC-200A
temperature controller) allows to control the tempera-
ture of the thermal bath (TP) to which the sample is
anchored. The sample holder consists of an FR-4 glass
epoxy plate (Sunhayato, 31R, thickness 1.6 mm) covered
on each face by a thin copper layer (35 µm), which is
patterned to provide contact pads on the top face. Two
Pt1000 sensors (Heraeus, SMD 805-1000-B) are glued on
the top copper layer with GE varnish in order to mea-
sure the temperature at 1 mm (sample monitor, Tsm) and
at 15 mm (holder, Th) from the sample. The copper
layer enhances the thermal coupling between the sen-
sors and the sample. We use high-purity Ca2RuO4 sin-
gle crystals of typical dimension between 0.6× 0.5× 0.1
and 2 mm× 1 mm× 0.3 mm, with an exposed aobo sur-
face in orthorhombic notation (Fig. S1). The sample is
glued to the holder by using GE varnish with a layer
of cigarette paper in between for electrical insulation.
This configuration provides a strong thermal coupling,
maximising the cooling of the sample. To obtain low-
resistance ohmic contacts, a thin layer of Au is sputtered
at a 45◦ angle on the edges of the sample, and then con-
nected to gold wires (thickness 18µm) by using silver
epoxy (Epotek, H20E). We measure a contact resistance
smaller than 100 Ω at room temperature (Fig. S2). The
electrical measurements are performed using a variable
current source (Keysight, B2912A) and multimeters to
measure the sample current and voltage (Keithley, 2000).
In Fig. 1b, we show the typical resistivity of a
Ca2RuO4 sample measured in a four-probe configura-
tion with constant current I = 10 µA (current density
j ∼ 0.01 A cm−2). The sample temperature is mea-
sured by Tsm while varying the Peltier-stage tempera-
ture at 1 K min−1. Upon warming, the resistivity shows
the expected insulating trend, with a sharp drop at
TIM, where the sample becomes metallic. Upon cool-
ing, the resistivity presents a clear hysteresis, consistent
with previous results on Ca2RuO4 [11, 34], and typi-
cal of first order phase transitions [35, 36]. At TMI,
the sample turns back insulating and we often lose the
electrical contacts because the crystal shatters (verti-
cal dashed line). The values of in-plane resistivity for
the insulating (ρab ∼ 1 Ω cm at room temperature) and
metallic (ρab ∼ 10−2 Ω cm) phases indicate high-purity
Ca2RuO4 single crystals [5, 8, 37]. As shown in Fig. 1c,
the I–V characteristics up to ±100 µA (current density
±0.1 A cm−2) are linear, indicating that the sample is in
an ohmic regime in the explored current range, both in
the insulating and metallic phases.
The MIT of Ca2RuO4 is rather abrupt and is known
to involve a large change of the lattice parameters, with
+1 % change of co, and up to −1 % change of ao and bo
at TIM [34]. The Ca2RuO4 samples often cleave upon
warming and, more frequently, shatter in several pieces
upon cooling [5]. This is naturally understood as due to
the material fragility to expansion, which occurs in the
out-of-plane direction upon warming and in-plane upon
cooling. Consequently, we need to use multiple samples
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FIG. 1. Setup for thermal imaging. (a) Schematics
and photographs of the thermal imaging setup, the sample
holder, and a typical Ca2RuO4 single crystal (Sample #1)
with electrical leads in four-probe configuration. (b) Resis-
tivity of Ca2RuO4 as a function of Tsm controlled by vary-
ing the Peltier stage. The shaded regions show the range of
temperatures where the insulator-to-metal (TIM, blue) and
metal-to-insulator (TMI, orange) transitions are observed in
our samples. Upon cooling (dashed line), a hysteresis is ob-
served and the sample often breaks at TMI. (c) Four-probe
voltage–current characteristics in the low-current regime. A
linear trend is observed at all temperatures, both in the insu-
lating and in the metallic phases.
for our study (Fig. S3), each one having its own TIM and
TMI, whose values vary in the ranges indicated by the
shaded regions of Fig. 1b and throughout this manuscript
(TIM = 85–100
◦C in blue, TMI = 65–80 ◦C in orange).
These sample-to-sample variations can be due to slight
differences in chemical stoichiometry, in the amount of
micro-cracks, or in strain possibly caused by the glueing
on the holder.
B. Temperature-driven MIT
We now perform thermal imaging on Ca2RuO4 dur-
ing a warming-and-cooling ramp without any supplied
current (I = 0). The representative thermal images in
Fig. 2a show that the raw IR reading Traw is rather homo-
geneous over the sample surface. In order to measure the
appropriate IR temperature, Traw needs to be calibrated
according to the emissivity of Ca2RuO4. To perform this
calibration, we exploit the fact that in these conditions
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FIG. 2. Thermal imaging of the temperature-driven
MIT in Ca2RuO4 with I = 0. (a) Thermal images taken at
different values of Tsm as indicated (Sample #2, pristine state,
no electrical leads). Images (i) and (ii) show the insulator-to-
metal transition upon warming, while images (iii) and (iv) the
metal-to-insulator upon cooling. (b) Raw reading of the IR
camera Traw averaged over the sample surface as a function
of Tsm. The jumps in Traw are due to the abrupt change in
Ca2RuO4 reflectivity at the MIT. Two linear regressions are
used to separately calibrate TIR for the insulating (red) and
metallic (gold) phases. (c) IR temperature calculated from
Traw by using the two calibrations obtained in (b). Overlap
with the grey line shows that the calibration TIR, ins (TIR,met)
is valid only when the sample is in the insulating (metallic)
phase. (d) Percentage of insulating area Ains as a function
of temperature estimated by making use of the emissivity
change. In this temperature-driven MIT, the whole sample
changes phase at the same time.
the sample is in thermal equilibrium with Tsm. We thus
extract in Fig. 2b the dependence of Traw, averaged over
the sample surface, on Tsm. Upon warming, Traw shows
a sharp drop at TIM when the sample becomes metal-
lic. This drop is due to the decreased thermal emissivity
of Ca2RuO4 in the metallic phase, in accordance with
its increased reflectivity [23]. Upon cooling, Traw rises
sharply at TMI when the sample turns insulating, and it
goes back to the previous curve.
The observed experimental behaviour prompts for two
different emissivity calibrations for the two phases. These
are obtained by performing a linear regression for the in-
sulating (TIR, ins, red line) and for the metallic (TIR,met,
gold line) phases separately. We note that the regres-
sions have some deviation from the experimental data,
especially in the insulating phase close to TIM. Further-
more, there are two additional sources of error that affect
our calibration: the thermal contribution due to areas
surrounding the sample, and sample-to-sample variations
(Fig. S4). For these reasons, we estimate an uncertainty
of about ±10 ◦C on the absolute temperature value pro-
vided by the calibrations. Since the same calibrations
are used throughout this work, this error is of system-
atic character and it does not affect our findings. We
comment that a smaller error on TIR has been previously
achieved by coating the sample with a blackbody insu-
lating paste [18]. Nevertheless, our experimental config-
uration has the important advantage of allowing direct
imaging of metallic and insulating areas, as discussed in
the following.
We use the obtained calibrations to convert Traw into
the appropriate IR temperature for the insulating and
metallic phases in Fig. 2c. As a reference, we also plot
TIR = Tsm (thick grey line), which is the result expected
from an ideal calibration. Figure 2c shows that TIR, ins
has a good overlap with the grey line as long as the sam-
ple is in the insulating phase. In the metallic state, in-
stead, TIR, ins is significantly lower than the effective sam-
ple temperature, whereas TIR,met overlaps the grey line.
The large change in emissivity at the MIT allow us
to map the local distribution of metallic and insulating
phases. Areas turning from insulating to metallic, in fact,
suddenly appear darker in our images. For the case of
the temperature-driven MIT presented here, the whole
sample changes phase at the same time, as shown by the
inset images of Fig. 2b. This is a direct consequence of
the spatially homogeneous temperature distribution over
the sample, which is brought above TIM or below TMI all
at the same time. In addition, the single-crystal nature of
the sample contributes to a simultaneous phase transition
in the entire volume. For these reasons, the percentage
of insulating area Ains as a function of temperature has
a step-like trend (Fig. 2d). As shown by the overlap
with the rectangular shaded areas, Ains has a hysteresis
compatible with the transport data of Fig. 1b.
C. Current-driven MIT
We now investigate how the electric current can drive
the MIT in Ca2RuO4. For this measurement, we fix the
Peltier-stage temperature to 25 ◦C in air environment and
drive the sample with a continuous current source. We
use a two-probe configuration in order to measure the
voltage and power supplied to the whole sample. As
shown in Fig. 3a, the voltage–current characteristics has
an initial linear trend, peaks at about 20 mA, and then
evolves into a negative differential resistance. We ob-
served a similar behaviour also when driving the sample
with a voltage source or a voltage divider (Fig. S5). This
voltage–current characteristics is consistent with the one
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FIG. 3. Current-driven MIT in Ca2RuO4. (a) Voltage–current characteristics measured in a two probe configuration and
(b) corresponding electrical power (Sample #3). (c) Temperature measured by the sample-monitor and holder sensors at a
fixed TP = 25
◦C. (d) Percentage of insulating area extracted from the thermal images. (e) Thermal images with insulating
and (f) metallic calibration. The temperature value of points A to D is indicated by a number in the image corresponding to
the appropriate state of the point. The current electrodes are indicated by ±I and the dotted lines. (g) Current dependence
of the IR temperature obtained with the insulating and (h) metallic calibration for the points indicated in (e).
observed in several previous experiments on Ca2RuO4
under current flow [14, 17, 18, 20, 23, 24]. With in-
creasing current, the supplied electrical power increases
(Fig. 3b). Consequently, both Tsm and Th detect a small
temperature increase of a few degrees (Fig. 3c). At the
same time, however, the actual sample temperature in-
creases to a much larger extent: TIR, ins shows a raise
of several tens of ◦C as measured by the IR camera in
Fig. 3e. This indicates that the temperature sensors
placed on the sample holder largely underestimate the
actual temperature of Ca2RuO4 which is heated up by
the direct current, as also reported by a recent study by
K. Fu¨rsich et al. [24]. This observation remarks the need
for monitoring the local sample temperature as allowed
by our imaging technique.
The temperature distribution over the sample surface
is approximately homogeneous, apart from slightly hot-
ter regions near the contacts, probably due to the higher
current density dictated by the sample geometry. The
low-resistance gold pads used for the electrical contacts
guarantee a small power dissipation due to contact resis-
tance (Fig. S2). In another experimental configuration
where the sample has a weaker thermal coupling with
the cooling stage, we observe a Peltier effect at metal–
Ca2RuO4 interfaces, which produces a higher tempera-
ture at the negative current electrode (Fig. S6). This
Peltier effect and its sign are consistent with previous
experimental and theoretical reports both on Ca2RuO4
[23, 38] and VO2 [39]. In the data presented here, Peltier
effects are negligible due to the strong thermal coupling
between the sample and the holder.
Upon increasing current, the metallic phase nucleates
simultaneously at both current electrodes, from which
it expands starting from the hotter regions close to the
contacts (see the darker areas in the 3rd panel from the
top in Fig. 3e). We comment that in similar conditions
nanoscale stripes at the phase front were reported by
Zhang et al. [23], but we cannot resolve them with
the present technique. The change in thermal emissiv-
ity gives us the unique possibility of extracting from the
images Ains (Fig. 3d), which progressively decreases with
increasing current as the sample becomes more metal-
lic. The appropriate temperature of metallic areas is pro-
vided by the calibration TIR,met shown in Fig. 3f. Once
the metallic phase appears, the resistivity is locally re-
duced resulting in a lower local dissipation of electrical
power. This effect is expected to produce a local cool-
ing, but in reality it leads to complex rearrangements
5of the effective current path, sometimes causing a local
switch back to the insulating phase, or to repeated in-
sulating/metallic switches. In most cases, however, the
MIT hysteresis prevents the newly-formed metallic ar-
eas from going back to the insulating state. Due to
the ±10 ◦C uncertainty in our temperature calibrations,
we cannot experimentally assess whether regions turning
metallic experience a local cooling.
For I > 215 mA the entire sample is in the metallic
state. Upon decreasing current, the sample cools down
and progressively goes back to the insulating state. At
this point, the curves in Figs. 3a to 3d show a hysteresis
which can be due to various effects. Firstly, there is the
intrinsic hysteresis of the MIT as discussed in Fig. 1b.
Secondly, when the current is decreased from the max-
imum value the sample is in the less-resistive metallic
state, the voltage, the power, and the sensor tempera-
tures also have lower values. Thirdly, the current-induced
MIT leads to the irreversible formation of cracks and de-
fects, as will be discussed in the following subsection.
The presence of this irreversible effect is also evidenced
by the fact that once the sample goes back to the insu-
lating state at low current, the peak in the V –I curve
(Fig. 3a) occurs at a higher voltage value and the sample
has a higher resistivity.
Our imaging technique allows us to extract the lo-
cal temperature of some representative points (A–D in
Fig. 3e) as a function of applied current. We report
in Fig. 3e and Fig. 3f the local temperature of these
points using the insulating and metallic calibrations, re-
spectively. We use a solid line for the increasing-current
ramp and a dashed line for the decreasing current. Data
with the calibration matching the appropriate phase is in
black colour, while the rest is in shaded grey. The curves
in Fig. 3e show the local temperature increase due to the
increasing current up to the point where the insulator-
to-metal transition occurs (open squares). The opposite
phase transition (metal-to-insulator) can be observed in
Fig. 3e upon decreasing current, as indicated by the open
diamonds. We note that the square and diamond mark-
ers lie, within our experimental resolution, within the
ranges of TIM and TMI, respectively. This indicates that
the current-driven MIT is triggered whenever the local
temperature of an area goes above TIM or below TMI.
The experimental setup used in the present work does
not allow us to detect additional non-thermal effects in-
duced by the electrical current, which may have caused
changes in TIM and TMI smaller than our uncertainty of
±10 ◦C.
D. Current-driven MIT in the presence of cracks
and defects
To study how the formation of cracks and defects af-
fects the current-driven MIT, we perform multiple cur-
rent cycles that bring the sample to the metallic state
and then back to the insulating state. The thermal bath
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FIG. 4. Multiple cycles of current-driven MIT. (a) Cur-
rent dependence of the two-probe voltage and (b) percentage
of insulating area for the different increasing-current sweeps
(Sample #3). (c) Current density at the voltage peak (trian-
gles) and when the sample becomes all metallic (stars) as a
function of cycle number. (d) IR temperature at which the re-
gions indicated by the circle and the square in (e) turn metal-
lic as a function of cycle number. (e) Representative thermal
images at different current cycles during the increasing ramp.
The presence of a hot spot in the bottom left (right) corner
during the 2nd (8th) current cycle drives the formation of the
metallic phase from the left (right) corner.
is fixed at TP = 25
◦C. The current is increased up to
a few mA larger than what required to switch the en-
tire sample to the metallic phase, and then decreased
back to zero (rates of 0.5 mA s−1). We show in Figs. 4a
and 4b the two-probe V –I characteristics and value of
Ains measured during nine consecutive cycles. At each
cycle, the voltage peak increases and shifts to lower cur-
rents (triangles in Fig. 4a) and to lower corresponding
current densities (jpeak in Fig. 4c). Concomitantly, the
entire sample turns metallic at a lower current (stars in
Fig. 4b) and current density (jall-met in Fig. 4c). This
occurs because a higher power is dissipated in the sam-
ple due to its increased resistance. The drop of more
than one order of magnitude in jall-met indicates large
and irreversible changes in the sample properties, consis-
tent with the previous observation of crack formation at
similar current values [40].
The formation of cracks and defects strongly affects the
temperature distribution over the sample surface, lead-
ing to the formation of hot spots responsible for higher
power dissipation, as can be seen in the images of Fig. 4e.
6It is clear that, despite the comparable values of Ains,
the presence of hot spots in the lower left (right) corner
during the 2nd (8th) cycle drives a preferential metal-
lic phase formation from the left (right) electrode. We
select two representative regions, indicated by the circle
and square in Fig. 4e, and report in Fig. 4d the values
of TIR, ins at which they become metallic at each cur-
rent cycle. The values of TIR, ins are rather constant and
in good agreement with the temperature range of TIM
(shaded blue area in Fig. 4d), even if the insulator-to-
metal transition in these regions occurs for very different
current densities at each cycle. This data is a further
indication that, in our experimental conditions and ir-
respective of the sample state, the main trigger for the
current-induced MIT is the local sample temperature.
III. CONCLUSIONS
To conclude, we were able to observe the current-
induced formation of metallic and insulating regions in
Ca2RuO4 by means of thermal IR imaging. Our data
shows that while the insulator-to-metal transition can
occur over a broad range of current densities, it is always
triggered whenever the local sample temperature exceeds
TMI. Within our resolution, the local TMI is the same re-
gardless if the MIT is triggered by temperature, by cur-
rent, or by current in the presence of macroscopic cracks
and defects. In our experimental conditions we find that
direct heating of the sample due to the Joule effect is
much larger than what is detected by thermometers that
monitor the sample holder temperature. These findings
uncover an important balance of local heating, phase
coexistence, and microscale inhomogeneity in Ca2RuO4
that is of utmost importance when performing measure-
ments with applied current. These effects can potentially
have a large influence also on macroscopic measurements,
that may average the contribution of coexisting metallic
and insulating regions. The present work sets an im-
portant basis to perform future experiments to uncover
current-induced non-equilibrium steady-state effects.
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FIG. S1. Structural characterisation of a typical Ca2RuO4 sample. (a) Optical image of the front, the back, and the
side surfaces (Sample #1, CR29C1a). The front surface has been mechanically cleaned with acetone and a cotton bud, while
the bottom surface is still covered by an opaque layer, possibly due to the natural formation of surface hydroxides. (b) Laue
photograph of the front surface taken with the same sample orientation shown in (a). The pseudocubic (pc) and orthorhombic
(o) lattice directions are indicated by the arrows. All samples investigated in this work have an exposed c plane, and the current
is sourced in the aobo plane. (c) X-ray diffraction in θ–2θ configuration showing intense peaks of the high-purity Ca2RuO4
phase taken with a standard Cu X-ray source. Due to the absence of an X-ray monochromator, we observe both the Kα1, Kβ,
and the sharp edge of the notch filter at wavelengths slightly smaller than Kα1. The only impurity detected is a minor amount
of the Ca3Ru2O7 phase, with diffraction peaks more than 2 orders of magnitude less intense.
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FIG. S2. Contact resistance and gold sputtering. (a) Optical image of a Ca2RuO4 single crystal (Sample #4, CR16a1)
before and after the electrodes fabrication. In this case, Ag epoxy is directly placed on the sample surface and edges to provide
electrical contact with the wires. (b) Resistance (R2p, R4p) and (c) resistivity (ρ2p, ρ4p) measured in two-probe configuration
(shaded curve) using the outer electrodes, and in four-probe configuration (solid curve) using the inner electrodes. (d) Contact
resistance calculated by subtracting R4p from R2p rescaled by the different channel length l4p/l2p. (e) Optical image of a
Ca2RuO4 single crystal (Sample #5, CR29G3) after sputtering of gold electrodes and subsequent contacting with Ag epoxy.
The gold sputtering (Ar environment, 8 min at 5 mA ionic current) is performed at a 45-degree angle in order to cover both
the top and the side surfaces of the sample. A gold foil (thickness 10 µm) is used as a shadow mask to define the contacts
area. (f) Resistance, (g) resistivity, and (h) contact resistance for the sample with gold pads. The four-probe resistivity of the
two samples is comparable, and it is consistent with the values reported in literature. We observe a reduction of about two
orders of magnitude in contact resistance in the presence of gold contact pads. We note how the contact resistance is rather
negligible compared to the sample resistance in the insulating phase, so that power dissipation in the contacts provides a small
contribution to the Joule heating.
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Sample #1 #2 #3 #4 #5 #6 #7 #8 #9
Name CR29G3 CR29G11 CR29G8 CR29C1a CR16a1 CR29G4 CR29G5 CR29G7 CR29G1
l2p (mm) 2.1 1.09 2.1 2.1 1.7 1.3 1.4
l4p (mm) 0.8 0.35 1.2 0.6
w (mm) 0.7 0.63 0.5 0.8 0.6 0.7 0.6
t (mm) 0.13 0.19 0.12 0.16 0.11 0.1
mass (mg) 0.86 1.06 0.52 0.75 0.52 0.35 0.24
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FIG. S3. Properties of the main samples used in this work. (a) Table of samples including the distance between
the current (l2p) and voltage (l4p) probes, the sample width (w), the thickness (t), and the mass measured prior to the
fabrication of the contacts. (b) Insulator-to-metal (TIM, blue circles) and metal-to-insulator (TMI, orange squares) transition
temperatures measured upon thermally cycling the pristine samples. The shaded regions indicate the following ranges of
transition temperature: 85–100 ◦C for TIM, and 65–80 ◦C for TMI.
12
30
40
50
60
70
80
90
T r
aw
(°
C)
Ca2RuO4 (Sample #2)
TP = 0 °C
TP = 25 °C
TP = 60 °C
TP = Tsm
30
40
50
60
70
80
90
T r
aw
(°
C)
Alumina (from Pt1000)
40 80 120
Tsm (°C)
30
40
50
60
70
80
90
T r
aw
(°
C)
TP = 25 °CCycle 1
Cycle 5
Cycle 6
Cycle 7
40 80 120
Tsm (°C)
30
40
50
60
70
80
90
T r
aw
(°
C)
Cycle 1
Alumina
Ca2RuO4
Cycle 7
2 mm
0.5 mm
Tsm Ca2RuO4for calib.
sample for
I meas.
TP, Copper sample plate
Camera full
field of view
a
b
c
e f
d
FIG. S4. Details on the calibration of the infrared thermal emissivity. (a) Experimental configuration used to calibrate
the thermal emissivity. The copper sample plate is directly attached to the Peltier controller which is set to a temperature
TP. The full field of view of the thermal camera is indicated by the black dashed line: this is the portion of space that reaches
the camera optics and imaging sensor, determining the background of the measured signal. A Ca2RuO4 sample for calibration
is glued on top of the sample-monitor Pt1000 sensor (green circle, Tsm) with GE varnish. Two wires are used to source a
current to the sensor and to measure Tsm. Another (broken) sample, previously used for a different measurement, is located
below the Pt1000 sensor in the position normally used for measurements with current flow. (b) Photos of the Pt1000 sensor
with the Ca2RuO4 sample used to calibrate the emissivity. The circles indicate two areas used to extract Traw for the sample
(in orange) and for the reference material (alumina, substrate of the Pt1000 sensor, in green). The orange circle is carefully
chosen in order to select an area of the sample where minimal damage occurs during the several thermal cycles, as can be seen
comparing the images for cycle 1 and 7. (c) Raw infrared reading for the sample during several temperature cycles performed
to assess the thermal contribution of the surrounding areas. In the first 3 cycles TP is fixed to 0, 25, and 60
◦C respectively,
while the sample temperature is varied by passing a current through the Pt1000 sensor. This configuration keeps most of
the camera field of view at a fixed temperature value, while only a small region around the sample area is heated up. In the
last measurement, the temperature of both the sample and the Pt1000 is controlled directly by the Peltier stage (TP = Tsm),
while only a small current is sourced to the Pt1000 to read its temperature. In this configuration, the whole background is
also heated up, so that the whole area in the camera field of view experiences a change in temperature. Due to this increased
background signal, we measure higher values of Traw. Since in all 4 configurations the sample is in thermal equilibrium with
the Pt1000, the dependence of Traw on TP indicates that the background has an important effect on the thermal reading of the
camera. It is important to take this effect into account to properly estimate the sample temperature. To obviate this issue,
the emissivity calibration is performed as described in the following section. (d)Raw reading for the alumina during the same
cycles. A similar increasing trend of Traw with TP is observed. However, the temperature increase is smaller since the material
has a higher emissivity (larger slope) that determines an increased instrumental sensitivity. (e) Sample and (f) alumina trend
of Traw during repeated cycles performed with the same conditions. For this reproducibility test, we set TP = 25
◦C and control
the sample temperature by sourcing a current through the Pt1000 sensor. The curves for the alumina in (f) are overlapping,
indicating a good reproducibility and stability of the camera reading. The curves for the sample in (e), instead, show some
variability which we link to a change in sample conditions. This can be related to the formation of macroscopic cracks that
affect the sample surface and may change its tilt angle. The variability is larger at higher temperatures, especially for the
metallic phase which has a smaller slope. For these reproducibility considerations, for the uncertainty in the linear regressions
discussed in Fig. 2b, and also for the unavoidable sample-to-sample variations, we estimate an error of about ±10 ◦C on the
calibrated values of TIR, ins and TIR,met.
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FIG. S5. Different configurations to measure the voltage–current characteristics. (a) Current drive, where the
sample is directly connected to the output of a variable current supply (Sample #1, CR29c1a). This configuration allows to
measure all the points on the experimental curve and it is the one used in the main text. The increasing-current sweep is
represented by the solid colour (black, repeated in the following graphs for comparison purposes), while the decreasing-current
sweep is in the shaded colour (grey, same convention for the following graphs). (b) Voltage drive, where a variable voltage
source with a current limit of 8 mA is used. This configuration allows to measure only a part of the experimental points and
is unstable above the voltage peak of the V –I curve, where the current tends to increase very quickly while the current source
reacts to comply with the current limit. For this reason, upon exceeding 14 V the current jumps to the compliance value of
8 mA; similarly, upon decreasing the voltage, the current jumps back to the original characteristics (in black) at the point
corresponding to 8 V and 0.5 mA. This configuration is similar to what has been used in [Nakamura F. et al., Sci. Rep. 3, 2536
(2013)]. (c) Voltage-divider drive, where a constant voltage source of 20 V is connected in a circuit with two variable resistors
(up to 10 kΩ each) that are used to manually control the current through the sample. This configuration avoids large current
or voltage spikes through the sample and allows to acquire the complete V -I characteristics. This configuration is similar to
what has been used by [Zhang J. et al., Phys. Rev. X 9, 011032 (2019)]. In all configurations, the current flowing through the
sample Isample and the four-probe voltage Vsample are measured independently. Apart from the missing or unstable points, the
three experimental configurations uncover the same V –I characteristics of Ca2RuO4 at room temperature.
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FIG. S6. Current-induced Peltier heating of Ca2RuO4. (a) Photograph of the single crystal used for the experiment
(Sample #9, CR29G1). Electrical contact is provided by two gold wires (18µm in diameter) directly connected to the sample
surface and edges by Ag epoxy, without any gold plating. To minimise the thermal conductivity with the bath at TP = 25
◦C,
the sample is resting on cigarette paper without the use of any glue, and the cigarette paper is lifted by about 2 mm from
the underlying sample holder. (b) Thermal images plotted with the insulating calibration TIR, ins upon driving a positive and
negative current through the sample. The material is kept in the insulating phase for the whole experiment. (c) Thermal
temperature close to the left and right electrodes as a function of current. (d) Difference in temperature between the two
electrodes.
